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Abstract

El Nino-Southern Oscillation (ENSO) is recognized as one of the potentially
predictable drivers of California Current System (CCS) variability. In this study, we
analyze a 67-year coarse-resolution (~1°) simulation using the ocean model
CESM-POP2-BEC forced by NCEP/NCAR reanalysis winds to develop a model
composite of the physical-biological response of the CCS during ENSO events.
The model results are also compared with available observations. The composite
anomalies for sea surface temperature (SST), pycnocline depth, Om-100m
vertically averaged chlorophyll, Om-100m vertically averaged zooplankton, 25m-
100m vertically averaged nitrate, and oxygen at 200m depth exhibit large-scale
coherent relationships between physics and the ecosystem, including reduced
nutrient and plankton concentrations during El Nifio, and increased nutrient and
plankton concentrations during La Nifa. However, the anomalous model response
in temperature, chlorophyll, and zooplankton is generally much weaker than
observed and includes a 1-2 month delay compared to observations. We also
highlight the asymmetry in the model CCS response, where composite model La
Nifa events are stronger and more significant than model El Nifio events, which is
a feature previously identified in observations of CCS SST as well as in tropical
Pacific Nino-4 SST where atmospheric teleconnections associated with ENSO are
forced. These physical-biological composites provide a view of some of the

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1463500318302634

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

limitations to the potentially predictable impacts of ENSO teleconnections on the
CCS within the modeling framework of CESM-POP2-BEC.

Keywords: ENSO, California Current System, composite, physical-biological
interactions

1. Introduction

The California Current System (CCS) is among the most biologically productive
oceanic regions of the world (e.g., Hickey, 1998; Checkley and Barth, 2009; Miller
et al., 2015). The configuration of the wind patterns along this Eastern Boundary
Upwelling System (EBUS) favors the existence of a large upwelling region that
extends from northern Baja California, Mexico, to Oregon and Washington on the
U.S. West Coast (e.g., Bakun et al., 2015). This phenomenon establishes the
environment as a highly productive region that is subject to local variability, some
of which is imprinted by atmospheric and oceanic teleconnections from remote
changes in the equatorial Pacific. One of the main physical drivers of CCS
interannual variability is the El Nifio-Southern Oscillation (ENSO), producing
changes in sea surface temperature (SST), upwelling, lateral advection of water
masses, pycnocline depth, surface heat flux, freshwater flux, eddy kinetic energy,
and other fields. All these variables are known to be forcing agents for ecological
conditions and biogeochemical content that affect the state of the ecosystem on
ENSO time scales (e.g., Schwing et al.,2005).

There are two main mechanisms by which ENSO drives changes in the CCS. The
first (local atmospheric variability due to atmospheric teleconnections) is related to
the intensification of the Aleutian Low (and associated weakening of the North
Pacific High) that enhances poleward flow of warm air along the northeastern
Pacific (Niebauer, 1988; Jacox et al., 2015) and suppresses upwelling favorable
winds along California coast. The second mechanism (oceanic variability due to
remotely driven waves) is related to the equatorial Kelvin-like waves in the tropical
ocean excited by the westerly winds and coupled ocean-atmosphere feedbacks
during El Nifio (McPhaden et al., 1998). These waves propagate eastward across
the Equatorial Pacific, and then poleward after colliding with the coast of South
America (Chavez et al., 2002). They are also potentially generated along the
Central American and Baja California coasts by subtropical wind fields altered by
the tropical ocean conditions. The remotely-driven wave mechanism also deepens
the thermocline and suppresses upwelling of nutrient-rich waters both in the
equatorial region and along the North American West Coast (e.g., Frischknecht et
al., 2015). The combination of local atmospheric and remote oceanic variability
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imprinted by ENSO in the CCS plays an important role in understanding the CCS
response during these events.

ENSO is known to have predictable components, some of which may significantly
impact the CCS and therefore be exploitable for practical predictions (e.g., Jacox et
al., 2017). While the effects of El Nifio over land in the U.S. are well documented
(Gershunov and Barnett, 1998; McPhaden et al. 1998; Wang et al., 2012), its
effects over the ocean are less understood, particularly because of limited
observations. The CCS is unique because it is one of the most extensively
sampled ocean regions (e.g., Bograd and Lynn, 2002; Crawford et al., 2017), with
the California Cooperative Oceanic Fisheries Investigations (CalCOFI) providing
hydrographic in-situ data since the late 1950s, along with various satellite
measurements covering the area since the late 1970s. There are many studies that
address the ecological effects of particular El Nifio events over the CCS (e.g.,
Bograd and Lynn, 2001; Chavez et al., 2002; Jacox et al., 2016; Ohman, 2018)
using the limited observations that indicate reduction of nutrient and plankton
concentrations during warm conditions and vice versa for cold events. However,
because of the sparseness of the data in both space and time, there is limited
understanding of how consistently these warm and cold ENSO events impact both
the physical and biological state of this region (e.g., Di Lorenzo and Miller, 2017,
summarize the results of a recent workshop on this topic).

Coupled physical and biogeochemical models represent an important tool for
addressing oceanic variability and provide an alternative and complementary
approach to using only direct observations for the study of marine ecosystems
(e.g., Curchitser et al., 2013; Frischknecht et al., 2015, 2017; Turi et al., 2018).
Analyzing the effects of ENSO on the CCS over the entire observational record in
conjunction with model simulations may help to quantify how consistently the
ENSO events impact the physical and biological system. This can also shed light
on how well model forecasts of ENSO variability might be trusted for developing
useful outlooks for ecosystem resource management.

In this study, we analyze a 67-year-long physical-biogeochemical simulation driven
by observed surface forcing using the oceanic component of the Community Earth
System Model (CESM) to study the changes associated with El Nifio and La Nina
over the CCS. We first characterize the model’s anomalous CCS ENSO response
as a whole and then develop monthly-mean El Nifo and La Nifia composites (cf.,
Turi et al., 2018) for various physical and biogeochemical variables. After
comparing the results with available observations, we identify the limitations that
can be expected in both the physical and biological regional response to ENSO
events, given observed atmospheric forcing and a coarse-resolution ocean model.
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Although the resolution of this model is coarse, it simultaneously includes the
effects of physics, low trophic level ecology, and biogeochemistry, which together
provide a large-scale synergistic perspective on the response compared to what
can be assessed with simpler biological models or with observations alone. This
model-analysis approach allows us to better illustrate the limited predictability of
the physical-biological behavior of the CCS during ENSO events (e.g., Ohman et
al., 2013; Franks et al., 2013).

2. Data and Methods
2.1 Model

We employ a 67-year (1949-2015) hindcast simulation with 1° resolution and global
coverage from the Community Earth System Model version 1 (CESM1; Hurrell et
al., 2013). The ocean component is the Parallel Ocean Program, version 2 (POP2;
Danabasoglu et al., 2012), and the sea ice component is the Community Ice Code,
version 4 (CICE4; Jahn et al., 2014). The ocean biogeochemistry is based on the
Biogeochemical Elemental Cycling (BEC; Moore et al., 2002, 2004, 2013) model
embedded in POP2. The ocean and ice components are forced by atmospheric
reanalysis data, following the Coordinate Ocean-Ice Reference Experiments Il
(COREZ2; Large and Yeager 2009) protocol that uses winds from the NCEP-NCAR
reanalysis, except for the tropical band (30°S-30°N) that uses 20t Century
Reanalysis (20CRv2) (Griffies et al., 2009; Yeager et al., 2018). Monthly means of
all variables were available to be used in our subsequent analysis.

The ecosystem component consists of three explicit phytoplankton functional
types, representing diatoms, diazotrophs, and small phytoplankton, with
coccolithophores included as an implicit fraction of the latter, plus one zooplankton
group. It also includes dynamic Carbon:Chlorophyll ratios and photoadaptation
(Geider et al. 1997, 1998) as well as light and multiple nutrient (N, P, Si, Fe) co-
limitation. BEC simulates the elemental cycles of nitrogen, phosphate, silicate, and
iron, leading to skillful representations of oceanic chlorophyll, nutrients, and oxygen
over the global ocean (Moore et al. 2002, 2004, 2013).

2.2 Observational data

Model validation for sea surface temperature anomalies (SSTa) was made using
observations from the Hadley Centre Ice-Sea Surface Temperature (HadISST,
Rayner et al., 2003) from January 1949 to December 2015. The model SSTa are
also compared over a single point at La Jolla, CA, using observations from the
Shore Stations Program (http://scripps.ucsd.edu/programs/shorestations/shore-
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stations-data/) during three different El Nifo Events. The skewness of ENSO over
the CCS is analyzed qualitatively using probability density functions (PDF) of SSTa
derived from the modeled fields over the whole period (1949-2015) and SSTa from
the HadISST for the same years.

Observed chlorophyll data was obtained from the Sea-viewing Wide Field-of-view-
Sensor (SeaWiFS) Level 3 standard mapped image (SMI), with a monthly temporal
resolution and 9.2 km resolution (O’Reilly et al., 2000). We used chlorophyll from
1998 to 2010 to compare with the model response for that same period. The model
chlorophyll fields were averaged down to a depth of 25 m as a proxy to compare
with satellite surface chlorophyll concentration that measures over the local
oceanic optical depth.

2.3 Methods

The hindcast simulation covers the time period January, 1949, to December, 2015.
To focus on ENSO-related time scales, we eliminated the strong signals in the
CCS associated with decadal (and longer, including trends) variability from the
model fields and the observations. We used a Lanczos high-pass filter with a cutoff
frequency of 10 years (following Turi et al., 2018), which successfully removed the
low-frequency energy in each variable for both model and observations.

All composite variables were constructed by averaging together each of the
selected El Nifio and La Nifia events identified in the period of the simulation over
the 3 months before and the 8 months after (i.e., a 12-month composite) the
wintertime (DJF) peak of the event. The years identified as El Nifio and La Nifa
follow the NOAA protocol

(NCEP/NOAA ,http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensost
uff/ONI_v5.php), but only include the moderate-to-strong events and exclude the
weak events. In brief, we identify El Nifio years as those when Nifo-3.4 3-month
averaged SSTa 21.0 °C and La Nifia years as those when SSTa <-1.0 °C, where
the anomalies persist during both the fall (SON) and winter (DJF) seasons. The
resulting El Nifio years included in the 12-month composite are: 19571-1952, 1957-
1958, 1963-1964, 1965-1966, 1968-1969, 1972-1973, 1982-1983, 1986-1987,
1987-1988, 1991-1992, 1994-1995, 1997-1998, 2002-2003, and 2009-2010. The
resulting years for the La Nifia composite are: 1949-1950, 1955-1956, 1970-1971,
1971-1972, 1973-1974, 1975-1976, 1983-1984, 1984-1985, 1988-1989, 1995-
1996, 1998-1999, 1999-2000, 2007-2008, 2010-2011, and 2011-2012. This yields
a total of 14 El Nifo events and 15 La Nifa events.

Additional validation of SST fields was made via Empirical Orthogonal Function
(EOF) analysis of the SSTa over the CCS. EOF1 from the model (including all
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months together) and its associated principal component (PC1) were compared to
the first observed mode from HadISST and correlated with monthly values of
NOAA'’s Climate Prediction Center (CPC) Oceanic Nifio Index (ONI). For the
composite results presented below, a total chlorophyll estimate (mg m=3) was
calculated as the sum of all three phytoplankton groups, averaged over the top 100
m of the water column to include any potential subsurface chlorophyll maximum.
The same method was applied for zooplankton carbon biomass in mmol m3.
Nutrient composites are represented by nitrate concentrations (mmol m-3)
averaged between 25m and 100m depth, corresponding to the strong vertical
gradient in the nitracline. We also compute composite dissolved oxygen
concentration (mmol m-3) at a single depth of 200 m. The analysis was made over
the CCS region extending from 21° N to 48° N, and from the coast to 132° W.

Anomalies were calculated by subtracting the 12-month climatology from the entire
record after high-pass filtering. The 14 El Nifio and 15 La Nifa years as indicated
by the SSTa were used to build the composite anomalies for SST, pycnocline
depth (using the 0=26 isopycnal surface as a proxy), vertically averaged
zooplankton biomass, vertically averaged chlorophyll concentrations, vertically
averaged [NOs], and [O2] at 200m depth, which represent key indicators of both
physical drivers and ecosystem state. The composites were tested for significance
via bootstrap analysis as follows: a hundred composites were randomly computed
for each variable and then compared to the composites of El Nifio and La Nifia
obtained from the model. Only those anomalies greater than 2 standard deviations
(20) of the random distribution are considered to be statistically significant at above
the 95% level.

3. Results
3.1 Model validation with SST

As a broad-scale depiction of the overall interannual response of the CCS to the
prescribed forcing, Fig. 1 shows the first mode (EOF1) of the SSTa over CCS
calculated from the whole record of the model (left panel) and HadISST (right
panel), with a 65.6% and a 63.6% of variance explained, respectively. EOF1 in the
model dominates the coastal region from southern Baja California to Oregon,
showing the coherency between these two regions, but extends further offshore
than in observations. EOF1 from HadISST dominates over central and south Baja
California, and it is coherent along Baja California and the California coast. Both in
model and observations, the first mode of SSTa resembles the well-known pattern
developed during warming related to El Nifio along the CCS. The principal
components (PC1) associated with the first modes are shown in Fig. 2 (top and
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middle). The PC1 of the model SSTa is well correlated (0.94) with PC1 from
HadISST and they are both moderately correlated with the CPC-ONI (Fig. 2,
bottom) with coefficients of 0.5 (HadISST) and 0.43 (model), indicating their
relevance as the local imprint of ENSO teleconnections from the tropics.

Another broad perspective on the performance of the model in representing
interannual CCS variability is the monthly SSTa (°C) averaged over the CCS
region for both the model and observations (Fig. 3, top). The correlation between
these time series is 0.93, and the RMSE is 0.24, indicating a good agreement in
both the timing and magnitude of the variability when averaged over the whole
region. However, the model produces a somewhat weaker local response than
observed when compared over a single point, which will become more apparent in
subsequent analyses. For example, Fig. 3 (bottom) also shows the monthly SSTa
from the model and from the Shore Stations Program at La Jolla/Scripps Pier
station. Three of the strongest registered El Nifio events are shown (1972-1973,
1982-1983 and 1997-1998), each one showing the year before and the year after
the wintertime peak (DJF) of El Nifio to compare the development and demise of
these major events. The model only captures part of the variability of the El Nifio
events in the CCS as indicated by the correlations of 0.70, 0.68, 0.78, respectively.
The magnitude of the anomalies is also underestimated for these three major
events at this location. The coarse model resolution, possible errors in surface
forcing, and errors in model physical formulations limit the model performance in
these pointwise evaluations.

3.2 Lagged correlations of the CCS with ENSO

In order to obtain a broad-brush view of the CCS response to ENSO in the CESM-
POP2-BEC simulation, we computed the correlation of the ONI in the tropical
Pacific with the physical-biological fields in the CCS at various lags (zero to 9
months). Rather than showing all the lagged-correlation results, Fig. 4 shows only
the model’s 3-month lagged-correlation response between observed ONI and the
POP2-BEC fields (including all months) for SSTa, pycnocline depth and
biogeochemistry over the CCS. The 3-month lag was chosen because it is able to
simultaneously capture key aspects of both the well-developed physical response
(after the winter peak of the atmospheric teleconnection forcing) and the still
developing biological response in early spring. The results reveal the anticipated
basic structure of warming, thermocline deepening, and decreased nutrient and
plankton concentrations along the coast during El Nifio events (e.g., Schwing et al.,
2005). As expected from previous studies (e.g., Alexander et al., 2002; Turi et al.,
2018), the maximum correlations of the ONI with the CCS response tend to occur
at lags of several months. SSTa exhibits greatest lagged correlations over
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southern Baja California and Oregon, and weaker ones along the California coast,
consistent with the coherency shown by EOF1 of the model SST. The pycnocline
depth correlations are more confined to the coastal regions than those for SST,
which extend further offshore. Correlations of the biogeochemistry (average nitrate
concentration from 25m-100m and oxygen at 200-m depth) are closely related to
those shown by the anomalies of the pycnocline depth. Correlations of 0Om-100m
vertically averaged chlorophyll and zooplankton are highest over southern Baja
California but still significant up to the central California region. The chlorophyll and
zooplankton responses (shown in detail below) expand northward and increase in
magnitude later in spring and summer but fail to cover the coast of northern
California and Oregon where significant ENSO-coherent anomalies are typically
observed (e.g., Thomas et al., 2009, 2012). The reasons for this discrepancy are
not obvious but may be due to a combination of the errors in the physical
circulation as well as to the oversimplified ecosystem formulation.

3.3 A composite physical-biological ENSO in the CCS

We next examine the response of the whole CCS during ENSO events, using
spatially explicit composite anomalies of SST, pycnocline depth, Om-100m
vertically averaged chlorophyll, Om-100m vertically averaged zooplankton biomass,
25m-100m vertically averaged nitrate, and oxygen at 200m depth. Typically, warm
(cold) anomalies related to El Nifio (La Nifa) peak during the winter (DJF) after
developing during the previous fall (SON). For sake of simplicity, we show only the
months in which the ENSO-related SST anomalies are typically the largest. Each
of the field-map composite anomalies of SST shows September through December
of the pre-peak year, and January through April of the following year corresponding
to the peak and post-peak of the event. The pycnocline, chlorophyll, zooplankton
biomass, [NOgz], and dissolved [Oz] composite anomalies are shown for January
through August of the post-peak year because biological variables exhibit their
largest ENSO-related signals after the spring bloom.

3.3.1 SST and pycnocline depth anomalies

The SSTa over the CCS (Fig. 5) show the evolution of the model composite El
Nifio during its development in the fall and maturation in the winter. The surface of
the ocean starts warming during the fall (SON) of the year previous to the peak of
the event (top panel) but anomalies do not become statistically significant until they
reach maximum (warmer) values during FMA of the post-peak year. Only in these
months is the warming related to El Nifio significant in the northern California
Current region. In the Southern California Bight significance levels are only above

1 standard deviation from the bootstrap analysis (above 67% but below 95%, not



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

shown). As expected from the EOF and correlation analyses, warming also occurs
along Baja California, although it does not reach our level of significance. The cool
SST that develops far offshore is the eastern extent of the cold central Pacific SST
that develops during El Nifio due to the strengthened Aleutian Low, and is
associated with the spatial pattern of the Pacific Decadal Oscillation (e.g., Newman
et al., 2016).

The evolution of the model composite SSTa during La Nifia (Fig. 6) shows the
beginning of the cold phase in late fall of the pre-peak year (top panel) with intense
cold anomalies off Baja California Sur. Negative anomalies exhibit the coldest
temperatures during JFM, as shown in the lower panel of Fig. 6 (post-peak year).
Note how the SST anomalies related to La Nifia are significant (above 2 standard
deviations) over broad regions offshore and along the coast in most of the region,
even during the fall preceding the peak of the cold event. In contrast to the El Nifio
model composite, La Nifia develops earlier, more strongly, and over broader areas
than El Nifio, indicating that the response of the CCS is asymmetric (e.g., Fiedler
and Mantua, 2017). This asymmetry will be more extensively explored in later
sections.

The composite evolution of observed SSTa during El Nifio and La Nifia events is
shown in Fig. 7 and Fig. 8, respectively. Composite anomalies from the HadISST
record generally show similar spatial patterns to those in the model for both warm
and cold events. The magnitudes (and consequent significance) of the anomalies
are generally much higher in the observations, however, especially along the coast
of Baja California during the peak of warm events in DJF. We note that the
observed composite anomalies also reveal more intense (and more significant)
anomalies during La Nifa events compared to El Nifio, with the winter after the La
Nifia peak exhibiting a significant cooling of the whole CCS (Fig. 8). This
asymmetry is consistent with what was found for the model composite in Figs. 5-6.

The pycnocline depth composite over the CCS was calculated using the 0=26
isopycnal surface as a proxy (e.g., Di Lorenzo et al., 2005; Kim and Miller, 2007). It
is typically located between 180m and 250m in the model, while in nature the depth
is often shallower, roughly 50m to 200m depths (e.g., Rudnick et al., 2017). As
anticipated from the correlation analysis, the composite El Nifio anomalies for the
post-peak year (Fig. 9) show a deepening of the pycnocline that starts developing
during January and February along the coast, peaks during the spring, and persists
into the summer season. During La Nina (Fig. 10), the reverse occurs in the
composite, as a significantly shallower thermocline starts developing off the coast
of Baja California during February, and the anomalies intensify during the spring
and the summer. The CCS pycnocline depth response to ENSO is mainly confined
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to the coastal region, and at early stages is only significant at southern latitudes in
the regions adjacent to the coast. This is consistent with what is observed in other
studies that also report a latitudinal dependence in the response of the pycnocline
(Jacox et al., 2015; Frischknecht et al., 2015), as well as in other variables such as
sea-surface height and average temperature of the upper 100 m (Crawford, 2017).

A deeper pycnocline is expected over the CCS during El Nifio due to the southerly
wind anomalies acting to suppress upwelling as well as from remotely driven
coastally trapped Kelvin-like waves (Chavez and Messié, 2009; Jacox et al., 2015;
Frischknecht et al., 2015). However, the coarse resolution model cannot properly
resolve this Kelvin-like wave propagation effect, so that even though the model
exhibits deeper (shallower) values associated with El Nifio (La Nifia), the response
can be muted with respect to the observed variability (e.g., Hsieh et al., 1983).
Comparing our results to the data assimilated ocean analysis study of Jacox et al.
(2015) indicates that the ENSO-forced pycnocline response in CESM-POP2 is
lagged by 1-to-2 months depending on the latitude along the California Coast. The
anomalies of the pycnocline depth reach their peak during the spring (March-April)
in the southern CCS, and after this season over northern locations. Jacox et al.
(2015) also report that the timing of the ENSO-forced minimum depth of the
pycnocline depends on latitude, but that it varies from March-April off central
California to June-July off the Oregon coast. The mismatch with the data-
assimilated product is likely due to the coarse resolution, which cannot resolve the
upwelling that occurs on the Rossby deformation-radius scale that ranges from
~20km in the northern CCS coast to ~40km along the southern Baja California
coast (e.g., Chelton et al., 1998). These local coastal effects thereby become
diluted into broader areas adjacent to the coast where other large-scale processes
of surface-heating, advection, and open-ocean upwelling can interact with that
coastally driven response.

3.3.2 Chlorophyll

Turning our attention to a biological variable, Fig. 11 shows the composite
anomalies of the Om-100m vertically averaged chlorophyll (including all 3
phytoplankton groups) from January to August of the post-peak year of El Nifio.
The structures seen in chlorophyll are less organized than for the physical
variables. As anticipated from the 3-month lagged-correlation with the tropical
Pacific ONI (Fig. 4), negative chlorophyll anomalies (with small amplitudes of ~1-
3% of the typical seasonal mean values) along the Baja California coast are the
most consistent feature throughout the post-peak composite. They turn significantly
negative during April off both Baja and central CCS, and then persist into the
summer, extending further north through July and August. This response is
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coherent with the timing of the anomalies of the model pycnocline depth, and with
its latitudinal dependence. While pycnocline anomalies show a delay with what is
typically observed, chlorophyll anomalies occur within the time frame observed by
previous studies (e.g., Thomas et al., 2012; Kilpatrick et al., 2018). Anomalous
patches of relatively high chlorophyll are shown at the Oregon coast and off-shore
during January through March, but they are not significant and are likely due to
errors in the interpolation of the wind forcing near the coastal boundary or errors in
the model.

Fig. 12 shows the analogous evolution of the composite chlorophyll anomalies
during La Nifna. Late spring (April-May) and summer months during the post-peak
year of the composite are dominated by the positive anomalies of chlorophyll (~1-
3% of typical seasonal mean values), showing that the model captures the
enhancement of the climatological spring bloom (McGowan et al., 2003; Kim et al.,
2009; Thomas et al., 2012; Goebel et al., 2010). The composite response of the
CCS chlorophyll during La Nifa is also coherent with the variability of the
pycnocline depth and offshore SSTa, and also shows a latitudinal differentiation.
Negative chlorophyll anomalies prevail off the Oregon and Washington coasts
throughout this post-peak period, a result that is opposite to what observed,
although not significant (e.g., Fig. 7a of Thomas et al., 2012), indicating potential
errors in the model or forcing fields.

Since chlorophyll is computed in the model as a nonlinear relationship involving the
three phytoplankton components and other variables (e.g., Moore et al., 2002), we
computed composites of the biomass of diatoms, diazotrophs, and small
phytoplankton separately to determine if any of them behaved more coherently in
their response to ENSO variations. Both the diatoms and the small phytoplankton
exhibited the same basic features seen in the chlorophyll composites. The
diazotrophs, in contrast, had very small biomass compared to the other two
phytoplankton and were limited spatially to offshore regions in the southern CCS
domain. Therefore, the chlorophyll composites give an accurate depiction of the
model’s ability to represent the large-scale coherent phytoplankton biomass
response to ENSO-related variations.

To further explore the model’s ability to represent chlorophyll compared to nature,
the CCS was divided into two sub-regions and compared to surface chlorophyll of
satellite observations from SeaWiFS. Two boxes were selected: southern CCS is
located between 32-38 °N and northern CCS between 38-47 °N, both with an
approximate extension of 400 km from the coast. The model was averaged down
to a depth of 25 m for comparison with the observations that sample an optical
depth. Climatological values of chlorophyll from the period of 1998-2010 are shown
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in the left panels of Fig. 13. The model severely underestimates the mean values
as indicated by the different y-axes scales. This is consistent with the analysis of
Moore et al., (2004, their Fig. 3) who showed very weak mean springtime
chlorophyll in the CCS region for BEC compared to other areas where the model
compared better with satellite observations. Both the climatological values and the
anomalies are one order of magnitude smaller than in observations. The seasonal
timing of the modeled mean chlorophyll is generally consistent with the
observations in the northern part of CCS. Both peak during wintertime (DJF) and
early spring (MA), and consistently decrease during summertime (JJA). The
modeled variability in the southern CCS shows some differences compared to the
observed timing, particularly during the summer months (JJA) where the modeled
values drop down but the observed chlorophyll persists from winter through
August. Surface chlorophyll anomalies from the model in the CCS are in poor
agreement with the satellite surface observations over the 1998-2010 time period
as indicated by the small and insignificant correlations in both the north and south
CCS regions when including all months (i.e., for El Nifio, La Nifa, and neutral
conditions together). This is in contrast to the composites that reveal coherent
signals (although very small) associated with the warm and cold ENSO events.

3.3.3 Nutrients and dissolved oxygen

The model composite evolution of [NOs] anomalies during El Nifio is shown in Fig.
14. In contrast with the chlorophyll response that shows marked differences with
latitude, nitrate concentrations seem to respond uniformly along the CCS during
the spring, when negative anomalies associated with El Nifio reach their maximum
in the model. This variability is very coherent with the timing shown by the
anomalies of the pycnocline depth, as would be expected from the results of the
correlation analysis. Depleted nutrient concentrations during El Nifio are consistent
with the typically downwelling-favorable anomalous wind fields (e.g., Jacox et al.,
2017), consequent deepening of the pycnocline, and muted upwelling of source
waters. The opposite situation occurs during La Nifia (Fig. 15), when intensified
upwelling favors higher [NOs] that starts to show as early as February in the
southern CCS and peaks during the spring over the whole CCS. Both El Nifio and
La Nifia composites show anomalies that persist through the summer, consistent
with chlorophyll anomalies. The magnitude of these nitrate anomalies, ~0.5 mmol
m-3, is rather small compared to typical mean values of 20 mmol m-3. But this is to
be expected for monthly mean anomalies because of the rapid response time
(~days) of phytoplankton in the euphotic zone that results in an equilibrated
balance between vertical nutrient flux, uptake by phytoplankton, and grazing by
zooplankton.
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Composite dissolved oxygen concentrations at 200m show patterns similar to the
nutrient composites. During El Nifio events the pycnocline is depressed, which
then acts to push down the oxygen minimum zone in the areas adjacent to the
coast, resulting in relatively higher dissolved [O2] at 200m (Fig. 16). The opposite
situation occurs during La Nina events (Fig. 17), when upwelling of isopycnal
surfaces shifts the level of minimum oxygen to shallower depths, and dissolved
[O2] is depleted ~3-5 mmol m-3relative to normal conditions (~50 mmol m3) at 200
m. (The model composites also reveal oxygen anomalies of reversed sign off the
coast of Washington, although they tend to lack statistical significance.) Our results
are consistent with those shown by Turi et al., (2018), where their composites of
oxygen at 100 m reveal an increase in dissolved [O2] during warm events. The
response shown by their results is also confined to a coastal band that extends
~200 km offshore, while most of the deeper ocean shows little response to El Nifio.

We emphasize that the composite variability of dissolved oxygen and nutrients
represented by the model is limited by the coarse resolution to include only large-
scale processes and parameterized eddy-mixing effects. This results in a relatively
simple link between the large-scale changes imprinted by the ENSO and the direct
effects on nutrients and [O2] that are mainly determined by changes in the
thermocline depth. Unresolved mesoscale and submesoscale processes that
contribute to lateral and vertical mixing can also play a different and very important
role in altering these patterns (e.g., Gruber et al., 2011; Di Lorenzo et al., 2013;
Jacox et al., 2015; Frischknecht et al., 2018), which should be explored in
additional work.

3.3.4 Zooplankton

Fig. 18 represents the composite evolution of the post-peak year of El Nifio for the
zooplankton group in the model. The response resembles the one shown by the
chlorophyll anomalies (see Fig. 11), with negative values that are well developed
by summer (JJA), but are weaker in winter and early spring. The modeled
zooplankton also exhibits a stronger (and more significant) response during La
Nina (Fig. 19) compared to the composite El Nifio, and positive blooms begin off
the coast of Baja California during Jan-Feb, persisting through the spring and
extending further north in the CCS in the summer. The magnitude of the
zooplankton anomalies coherent with ENSO in the model is a few percent of the
mean background state.

While some previous studies have shown a rather direct link between ENSO
conditions and zooplankton (e.g., Bograd and Lynn, 2001; Fisher et al., 2015), one
recent study on samples from CalCOFI cruises suggests that changes in
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zooplankton community can only be related to El Nifio at the level of species and
individual taxonomic groups. Although some taxa, such as euphausiids and
calanoid copepods, showed a decline in biomass during El Nifios 1958, 1959,
1983, 1992, 1993, 1998, 2003, 2010, and 2016, total mesozooplankton biomass
does not vary consistently (Lilly and Ohman, 2018). The same study reports that
some of the species of copepods and euphausiids actually decreased in biomass
during la Nina (for years 1951, 1956, 1965, 1989, 1999, 2000, and 2008).

The zooplankton included in the model is a simplified formulation as an aggregate
group that includes microzooplankton and mesozooplankton with no representation
of a particular group. The response of the CCS shown by the composite anomalies
seems to be very well defined as negative values during El Nifio and positive
during La Nifa, with a strong correlation to model phytoplankton, while
observations indicate that zooplankton community is not consistently affected
during warm versus cold ENSO events.

4. Discussion

A physical-biological ocean model hindcast of the time period 1949-2015 was
analyzed to establish its skill levels on interannual timescales when compared with
available observations and to construct composite El Nifio and La Nifa events for
the California Current System. We found that when averaging the model response
over the entire CCS, it well reproduces the SSTa estimated from HadISST. When
considering smaller regional averages or individual points (such as Scripps Pier),
the model exhibits less coherency with SST observations and tends to have a
lower amplitude. Much of this disagreement can be ascribed to the coarse
resolution (~1°) of the simulation, but issues associated with errors in the surface
forcing functions may also be involved. For example, the interpolation scheme for
the winds incorporates winds over land for oceanic grid points adjacent to the
coast, which can adversely affect the coastal upwelling and offshore wind-stress
curl fields that provide the dominant forcing of the coastal ocean.

There are many approaches to identify the effects of ENSO over the CCS. For
instance, one could treat each ENSO event individually as has been done
previously in many case studies (e.g., Bograd and Lynn, 2001; Frischknecht et al.,
2017), which corresponds to the extreme view that each ENSO event is totally
different from other events due to differing tropical teleconnections or to random
variability of the midlatitude weather systems (e.g., Deser et al., 2018; Capotondi et
al., 2019). But the composite approach is useful to provide a picture of the
consistent types of responses that would be expected to be found for a typical
event. One could alternatively also separate the warm and cold events into finer-
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grained samples, e.g., associated with Central Pacific vs. Eastern Pacific events
(e.g., Ashok et al., 2007; Di Lorenzo et al., 2010; Capotondi et al., 2019), or
perhaps using some other criterion to create even more groups of warmish or
coldish events. However, as Capotondi et al. (2015) clearly state, there is no strict
bimodality evident in the ENSO distribution, which may be more properly defined
as a continuum. Among the many different ways to address the topic, we chose a
composite approach using 14 warm and 15 cold, moderate-to-large events to give
a general view of the CCS response in the CESM-POP2-BEC simulation.

The maps of model ENSO composite anomalies exhibit their strongest signals in
the post-peak winter and spring for SST and pycnocline depth, and in the post-
peak winter through summer for chlorophyll, zooplankton biomass, [NOs], and
dissolved [O2]. While SST responds relatively uniformly over the whole north-south
region of the CCS during model ENSO events, the response of the pycnocline
depth and the biogeochemistry shows a latitudinal dependence that was also noted
in previous studies using observations and models (Chenillat et al., 2012; Jacox et
al., 2015; Crawford et al., 2017). Oxygen at 200m is controlled in the model mainly
by the physical forcing associated with changes in upwelling and downwelling, but
we did not explore potential influences of horizontal ocean currents or changes in
oxygen solubility.

The response of the ENSO composite pycnocline depth in the model is delayed by
a period of 1 to 2 months compared to observations (e.g., Lynn and Simpson,
1987; Collins et al., 2003; Jacox et al., 2015). More recently, Crawford (2017) used
a multivariate EOF analysis of an ocean data assimilation product to show that
peak anomalies of the pycnocline depth occur during February over the CCS,
which is 1-to-2 months earlier than we found here. While further study is necessary
to explain this delayed isopycnal response in POP2-BEC, we can speculate about
some of the possible mechanisms that may lead to this delay. The ocean
component of the model is forced by observed winds from reanalysis, clearly
accounting for the local changes in the pycnocline depth induced by the variability
of the local wind stress along the California Coast. Yet the model coarse resolution
will suppress (e.g., Hsieh et al., 1983) the remotely forced variability of coastal-
trapped Kelvin-like waves propagating northward along the coast that affect the
pycnocline (e.g., Frischknecht et al., 2015). Additionally, the coarse resolution
spreads the impact of nearshore wind stress over a broader area, thereby reducing
the strength of both coastal upwelling and wind-stress-curl forced upwelling along
an eastern boundary (Song et al., 2011; Small et al., 2015). These various effects
may contribute to the delay in upwelling timing but additional work is required to
identify the processes that can be improved in the model and should be addressed
in future research.
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The composite results for the model biological and chemical variables are
dependent on the quality of the physical drivers. Even with the noted deficiencies
of the physical state during ENSO events, coherent signatures of the ecology and
biogeochemistry appear in the model composites. These variables tend to exhibit
their most significant response in conjunction with the model’s most consistent
pycnocline response, which tends to be post-peak winter through summer for the
ENSO events. This important link between the pycnocline and the modeled
ecological response should be further explored in future modeling studies that
include much higher resolution in the regional ocean (Curchitser et al., 2013;
Frischknecht et al., 2015, 2017; Jacox et al., 2015).

The model composite CCS anomalies during El Nifio and La Nina events reveal an
asymmetry in that a stronger and more statistically significant La Nifa influence on
SSTa occurs compared to the El Nifo influence, as previously discussed by Fiedler
and Mantua (2017) for observations. This asymmetry also occurs prominently in
the vertically averaged chlorophyll and zooplankton composite anomalies, but is
less evident in the isopycnal, nitrate and oxygen fields. This cold-event asymmetry
in the CCS is somewhat unexpected, since typically El Nifio events exhibit a
stronger SSTa in the eastern tropical Pacific than La Nifia (Rodgers et al. 2004; An
and Jin, 2004; Levine et al., 2016; Burgers and Stephenson, 1999), an aspect
related to ENSO nonlinearities (Rodgers et al., 2004). To further explore this
asymmetry, Fig. 20 shows the histograms of modeled (left) and observed (right)
monthly-mean SSTa averaged along the coastal region of the CCS for months
corresponding to neutral (top), El Nifio (middle), and La Nifia (bottom) events. The
distributions reveal the tendency of the model to produce weaker variability than
observations, for both neutral years and ENSO events. For both model and
observations, the SSTa events in the CCS that are associated with La Nifia cluster
more consistently around negative values (as also discussed by Fiedler and
Mantua, 2017, and seen in Fig. 5g of Turi et al., 2018), indicating the mean of the
distribution shifting below zero. In contrast, both modelled and observed CCS
SSTa associated with El Nifio events, although they include the most extreme
warming conditions (e.g., McGowan et al., 1998), are often cool or only very
weakly warm, and are more symmetrically distributed around zero anomaly. This
results in a mean model El Nifio composite response that is weaker, and less
significant, than for model La Nifa events. Our observed composites from the
HadISST also reveal that the asymmetric response favoring La Nifia is not an
artifact of the model. This asymmetry is also clearly evident in the ordination
diagram of Fielder and Mantua (2017) and the mean composite warm and cold
events plotted in Fig. 5g of Turi et al. (2018).
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To further study the mechanism behind this asymmetric response, we examined
whether the asymmetry arises in the tropical Pacific or is locally generated by the
CCS winds. Fig. 21 (top) shows histograms of the observed SST anomalies in the
central tropical Pacific Nifio-4 region, where the teleconnections to the PNA pattern
are more likely to originate through changes in deep convection (e.g., Barsugli and
Sardeshmukh, 2002; Alexander et al., 2002). The figure shows that the Nino-4 SST
anomalies for La Nifia are in fact more consistently cold than El Nifio conditions are
consistently warm. This tropical asymmetry has also been discussed in previous
studies (e.g., Dommenget et al. 2013; Cai et al., 2018). This result suggests that
the teleconnections during La Nifia would more consistently drive cold conditions in
the CCS than would EI Nifio events drive warm conditions, as found in our model
response and in observations. This view is further substantiated by inspecting the
histograms of meridional winds averaged over the CCS, shown in Figure 21
(bottom). As anticipated from the observed tropical Pacific Nifio-4 SST asymmetry,
the local winds are also more consistently upwelling favorable during La Nifa
conditions and less consistently downwelling favorable during El Nifio conditions.

Despite the model producing very weak chlorophyll values that are poorly
correlated with the time-limited monthly-mean satellite surface observations, the
model shows some skill in reproducing the timing of the climatology and the model
better represents seasonal chlorophyll variability in the northern region compared
to the south. In contrast, the El Nifio and La Nifia composite vertically averaged
chlorophyll response is more realistic in the southern parts of the CCS (cf. Thomas
et al., 2012). Composite zooplankton anomalies are essentially phase-locked to the
chlorophyll field, upon which the zooplankton graze. This linear relationship is not
surprising since the model only has one zooplankton group encompassing both
microzooplankton and mesozooplankton, and so cannot represent the variety of
populations in the CCS. Since the response of zooplankton to ENSO events varies
by taxonomic group (Lilly and Ohman 2018), increased complexity in the modeled
zooplankton is necessary to better represent zooplankton response to ENSO in the
CCS. Improvements to marine ecosystem formulations via explicit representation
of coastal species (e.g. Van Oostende et al. 2018) as well as interannually varying
nutrient inputs (e.g., surface runoff in the northern CCS, Hickey and Banas, 2008)
could significantly improve the biogeochemical model skill in a forced ocean
simulation. These types of model reformulations should be explored in future
studies.

5. Conclusion

We show the composite variability of key physical and biogeochemical variables in
the California Current System in the framework of the CESM-POP2-BEC model to
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develop a better understanding of the effects of ENSO on the oceanic ecosystem
in that model. The 67-year long coarse-resolution ocean model simulation used for
this study captures many of the expected main features related to ENSO events.
The physical and biogeochemical processes in the simulation provide a
comprehensive depiction of behavior of the system that cannot be obtained from
observations alone. The simplicity of the composite approach makes it useful for
determining the physical changes driven by ENSO and ascertaining how these
changes affect the ecological and biogeochemical state of the model system.

The results also give a measure of the predictable nature of the model system to
forcing by ENSO. As the teleconnected response to remote ENSO events impacts
the local oceanography of the CCS, the fidelity of predictions is reduced not only by
deficiencies in the model but by local unpredictable processes in both the physics
and biology as well. The coarse resolution model had significant errors in the
physical response to forcing, which then cascaded into errors in the forcing that is
provided to the ecosystem model. Higher-resolution physical-biogeochemical
models will help to alleviate some of the model errors, but intrinsic variability in
both physics and the ecosystem will further reduce the skill of linking ENSO
variations to local physical-biological response. Quantification of these types of skill
limits is the long-term goal of our research. These physical-biological composites
provide a view of some of the limitations to the potentially predictable impacts of
ENSO on the CCS in the framework of CESM-POP2-BEC.
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Figure 1. EOF1 calculated from the full record (1949-2015) of SSTa over the CCS.
Left panel shows the EOF from model POP2-BEC. Right panel shows the
observed EOF from HadISST.

Figure 2. Normalized principal component (PC1) associated with the first EOF of
SSTa over CCS; (top and middle) model and observations, respectively. (Bottom)
Monthly values of NOAA’s CPC ONI is shown for comparison.

Figure 3. (Top) Modeled SSTa (green) averaged over the CCS region (21-48 °N)
and observed averaged anomalies from HadISST (purple). Correlation between
the time series is 0.93 and RMS is 0.5 °C and 0.24 °C, respectively. (Bottom) SSTa
over a single point for Scripps Pier at La Jolla CA, showing the model (green
dashed line) and observations (black solid line) for three specific El Nifio events as
indicated by the years at the top. Respective correlations between the two time
series are 0.70, 0.68, and 0.78 (left to right).

Figure 4. Lagged (3-month) correlations of tropical Pacific ONI with modeled
anomalies of SST, pycnocline depth, vertically averaged chlorophyll, zooplankton
biomass, average [NOs] over 25m-100m, and [O2] at 200m. Locations where
correlations are 95% significantly greater than 0.2 are marked by gray circles.

Figure 5. Modeled composite El Nifio SSTa. Significant warm (red) anomalies
above the 95% confidence level are marked by gray circles.

Figure 6. Modeled composite La Nifia SSTa. Significantly cold (blue) anomalies
above the 95% confidence level are marked by gray circles.

Figure 7. Observed (HadISST) composite SSTa from 13 El Nifio events in the
period from 1949-2015. Significant warm (red) anomalies above the 95%
confidence level are marked by gray circles.

Figure 8. Observed (HadlSST) composite SSTa from 13 La Nifia events in the
period from 1949-2015. Significantly cold (blue) anomalies above the 95%
confidence level are marked by gray circles.

Figure 9. Modeled composite El Nifio pycnocline depth anomalies, (d26).
Significantly deep (red) anomalies above the 95% confidence level are marked by
gray circles.

Figure 10. Modeled composite La Nifa pycnocline depth anomalies, (d26).
Significantly shallower (blue) anomalies above the 95% confidence level are
marked by gray circles.

Figure 11. Modeled post-peak El Nifo composite vertically averaged (down to 100
m) chlorophyll anomalies. Significantly lower chlorophyll anomalies (blue) are
marked by gray circles.



Figure 12. Modeled post-peak La Nifia composite vertically averaged (surface to
100 m). Significantly higher chlorophyll anomalies (red) are marked by gray circles.

Figure 13. Comparison of (vertically averaged, surfaceto 25 m) chlorophyll from
BEC (blue) with SeaWiFS (black) for North CCS (38-47 °N) and South CCS (32-38
°N). Climatological values are shown in the left panels and the right panels
represent the anomaly time series for the period 1998-2010.

Figure 14. Modeled post-peak El Nifio composite of [NOs] averaged between 25m
to 100 m. Significantly lower anomalies (blue) are marked by gray circles

Figure 15. Modeled post-peak La Nifna composite of [NO3] averaged between 25m
to 100 m. Significantly higher anomalies (red) are marked by gray circles

Figure 16. Modeled post-peak El Nifio composite [O2] at 200m depth. Significantly
higher values (red) are marked by gray circles.

Figure 17. Modeled post-peak La Nifna composite [O2] at 200m depth. Significantly
lower values (blue) are marked by gray circles.

Figure 18. Modeled post-peak El Nifio composite vertically averaged (surface to
100 m) zooplankton biomass anomalies. Significantly lower anomalies (blue) are
marked by gray circles.

Figure 19. Modeled post-peak La Nifia composite vertically averaged (surface to
100 m) zooplankton biomass anomalies. Significantly higher anomalies (red) are
marked by gray circles.

Figure 20. Histograms of modeled (left) and observed (right) SSTa for pre-peak
September through post-peak August over CCS for neutral, El Nifio, and La Nina
years. Model neutral years have a mean (u) of 0.13 and a STD (o) of 0.40, while
observed neutral years have p=0.14 and 0=0.57. Model warm events (u=0.08,
0=0.41), have 57% of their months positive, while model cold events (u=-0.15,
0=0.41) have 68% of their months negative. Observed warm events (u=0.15,
0=0.55) have 60% of their months positive, while observed cold events (pu=-0.18,
0=0.53) have 65% of their months negative.

Figure 21. Histograms of observed SSTa during December-January-February over
Nifio-4 Region in the Tropical Pacific (top panels). Histogram of meridional wind
stress over CCS for the same period (bottom panels). Observed warm events
(u=0.4, 0=0.61) have 79% of their months positive, while observed cold (p=-0.7,
0=0.46) events have 94% of their months negative. Observed meridional CCS



wind stress during warm events (u=0.0027, 0=0.0071) have 64% of their months
downwelling favorable, while cold events (p=-0.0017, 0=0.005) have 71% of their
months upwelling favorable.
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El Nino anomalies of chlorophyll avegared over 100 m
Post-peak year
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La Nifna anomalies of chlorophyll averaged over 100 m
Post-peak year
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El Niflo anomalies of [NO,] averaged between 25-100 m
Post-peak year
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La Nifia anomalies of [N03] averaged between 25-100 m
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El Nifio anomalies of dissolved [02] at 200 m
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La Nifia anomalies of dissolved [02] at 200 m
Post-peak year
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El Nino anomalies of zooplankton avegared over 100 m
Post-peak year
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La Nina anomalies of zooplankton averaged over 100 m
Post-peak year
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Observed and modeled PDF of SSTa along CCS
Sep (pre-peak) through Aug (post-peak)
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Observed PDF of SSTa over El Nino 4 region
Sep (pre-peak) through Aug (post-peak)
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